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Abstract
Recreating the structure of human tissues in the laboratory is valuable for fundamental research, testing
interventions, and reducing the use of animals. Critical to the use of such technology is the ability to produce
tissue models that accurately reproduce the microanatomy of the native tissue. Current artificial cell-based skin
systems lack thorough characterisation, are not representative of human skin, and can show variation. In this
study, we have developed a novel full thickness model of human skin comprised of epidermal and dermal
compartments. Using an inert porous scaffold, we created a dermal construct using human fibroblasts that
secrete their own extracellular matrix proteins, which avoids the use of animal-derived materials. The dermal
construct acts as a foundation upon which epidermal keratinocytes were seeded and differentiated into a
stratified keratinised epithelium. In-depth morphological analyses of the model demonstrated very close
similarities with native human skin. Extensive immunostaining and electron microscopy analysis revealed
ultrastructural details such as keratohyalin granules and lamellar bodies within the stratum granulosum,
specialised junctional complexes, and the presence of a basal lamina. These features reflect the functional
characteristics and barrier properties of the skin equivalent. Robustness and reproducibility of in vitro models
are important attributes in experimental practice, and we demonstrate the consistency of the skin construct
between different users. In summary, a new model of full thickness human skin has been developed that
possesses microanatomical features reminiscent of native tissue. This skin model platform will be of significant
interest to scientists researching the structure and function of human skin.
Key words: barrier function; dermis; epidermis; human; methodology; reproducible; skin equivalent; tissue
engineering.
Introduction
The skin is the largest organ of the human body, account-
ing for approximately 16% of the total body weight. It is
the primary interface between the internal and external
environments which acts as a barrier to protect the body
from a range of environmental stressors and maintain
homeostasis by preventing unregulated water and elec-
trolyte loss. The anatomy of human skin is well
characterised, and there is a clear relationship between its
structure and function. It is therefore essential to consider
the structural aspects of skin when developing tissue
mimetics to study skin health and disease, to ensure that
the in vitro model accurately recapitulates the anatomical
features of its native counterpart.
The skin is a complex organ with two distinct structural
upper layers: the epidermis and the dermis. The epidermis is
a stratified keratinised epithelium predominantly made up
of keratinocytes, which is subdivided into four layers: basal,
spinous, granular, and cornified. The basal layer rests upon
a basement membrane at the dermoepidermal junction. It
consists of mitotically active columnar cells which prolifer-
ate, migrate superficially, and sequentially differentiate to
form the stratified epidermis. The basal layer is charac-
terised by the expression of keratin 14, and the daughter
keratinocytes undergo a characteristic basal-to-suprabasal
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switch from keratin 5/14 to keratin 1/10 as they move up
the strata. As these cells move towards the surface and dif-
ferentiate into the spinous layer, they lose their ability to
divide, become larger, and establish robust intercellular
connections. Keratinocytes elongate and flatten to form
the granular layer, which is characterised by the presence of
intracellular keratohyalin granules and lamellar bodies
(Odland, 1960). Keratohyalin granules contain proteins key
to the formation of the cornified envelope such as profilag-
grin and loricrin (Yoneda et al. 1992). Keratinocytes are ter-
minally differentiated into corneocytes, which make up the
stratum corneum. During this transition, cells lose their
nuclei and major organelles, lipids are released into the
intercellular space and the cornified envelope replaces the
cell membrane. The barrier function of the skin is mainly
attributed to the stratum corneum, which is a 10- to 20-lm-
thick layer composed of terminally differentiated, flattened
corneocytes separated by layers of densely packed lipids
(Menon et al. 2012).
The dermis provides crucial support to the epidermis.
Unlike the epidermis, vascular and lymphatic systems per-
vade the dermis alongside appendages such as hair folli-
cles, nerve endings, and secretory glands. The primary cell
type in the dermis is the fibroblast. They produce extracel-
lular matrix proteins (ECM) (e.g. collagen, fibronectin, and
elastin), which contribute to the main substance of the der-
mis and are responsible for skin elasticity and tensile
strength. The dermoepidermal junction separates the der-
mis and epidermis, and it facilitates the regulated
exchange of substances and the polarity of the basal ker-
atinocytes (Muroyama & Lechler, 2012). Collagen IV and
integrin a6 are critical components of the basement mem-
brane, which also contribute to the mechanical integrity of
the skin.
Human skin equivalent models are important tools for
academic research, clinical purposes, and industrial applica-
tions. The need for physiologically relevant models is imper-
ative due to the recent prohibition on the use of animals
for testing active compounds for cosmetics (Cosmetics regu-
lation EC No 1223/2009). However, due to the multicellular,
multi-layered complexity of human skin, it is highly chal-
lenging to build such tissue models reproducibly and in a
consistent manner. Engineered models are incrementally
advancing in emulating the anatomy of skin by focusing on
the co-culture of the main cell types (keratinocytes, fibrob-
lasts and, less frequently, melanocytes). To achieve epider-
mal differentiation, in vitro models are commonly raised to
the air–liquid interface, and additives, such as growth fac-
tors and calcium, promote differentiation and stratification
to recreate an in vivo-like stratified keratinised epidermis
(Prunieras et al. 1983; Bikle et al. 2012).
Epidermal models are most often generated on a poly-
carbonate membrane; however, due to the presence of
keratinocytes alone, they lack the key interactions with
dermal cells (Valyi-Nagy et al. 1990). In vivo, the epidermis
is bound tightly to the dermal component via the base-
ment membrane, which is composed of ECM proteins
secreted as a result of interactions between keratinocytes
and fibroblasts (Jahoda et al. 2001). To overcome this
issue, epidermal models often require the use of exoge-
nous ECM coating to enable keratinocyte adhesion to the
inert membrane.
More complex full thickness skin models include both the
dermal and epidermal components. Pioneering work in the
development of skin constructs initially involved seeding
keratinocytes on to decellularised pig skin (Freeman et al.
1976) or human de-epidermised dermis (Prunieras et al.
1983). More recently, the development of three-dimen-
sional (3D) technologies has rapidly advanced skin bioengi-
neering within the laboratory. Full thickness models of
mammalian skin have been created using hydrogel-based
technologies (usually collagen-based) into which fibroblasts
are integrated (Gangatirkar et al. 2007; Carlson et al. 2008;
El Ghalbzouri et al. 2009). Although these systems provide
good support for keratinocyte differentiation and stratifica-
tion, there are several disadvantages, including the use of
animal-derived collagen, contraction of the collagen gel,
and use of exogenous collagen matrix that can introduce
batch-to-batch variability (El Ghalbzouri et al. 2005). More-
over, there is evidence to suggest that the particular com-
position and arrangement of the ECM can influence the
phenotype of the dermal fibroblasts and thus their ability
to support the epidermis (Maas-Szabowski et al. 2003; Sor-
rell & Caplan, 2004).
An alternative strategy is to create an environment that
enables the fibroblasts to generate their own ECM matrix.
To achieve this, models have been generated by layering
sheets of fibroblasts to mimic the dermal compartment,
before the addition of keratinocytes. This approach resulted
in a stratified epidermis but lacked a true 3D structure, and
analysis by transmission electron microscopy showed incom-
plete basement membrane formation (Lee et al. 2009).
More recently, we have grown primary human dermal
fibroblasts in an inert polystyrene scaffold, which enables
the deposition of ECM components to support overlying
epithelial cells and epidermal stratification (Hill et al. 2015).
However, differences in cells between donors introduced
significant structural variability in the consistency and repro-
ducibility of the models.
Although numerous approaches exist to generate
in vitro models of human skin, a common drawback of
both epidermal and full thickness systems is the complex-
ity of the methods used to generate them. Protocols usu-
ally rely on complex in-house media recipes that contain
multiple additives such as hydrocortisone, insulin, transfer-
rin, and epidermal growth factor (Bertolero et al. 1984).
The addition of such ingredients and the use of high con-
centrations of serum decrease the reproducibility between
laboratories and make these complex models even more
difficult to replicate (Faller & Bracher, 2002; Ng & Ikeda,
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2011). Moreover, the nature of cells used in skin equiva-
lents can compromise the ability to generate skin models
reproducibly. Primary cells, especially keratinocytes, are
not all able to differentiate and stratify in vitro and can
cause unpredictability (Stark et al. 1999; Eves et al. 2000).
Attempts to use cell lines, such as HaCaT cells, have
shown disorganised morphology (Boelsma et al. 1999;
Maas-Szabowski et al. 2003; Stark et al. 2004). Recently,
Reijnders et al. successfully developed a full thickness
model using TERT-immortalised keratinocytes and fibrob-
lasts (Reijnders et al. 2015). However, independent of the
cells used, the ability to differentiate, stratify, and accu-
rately reproduce the microanatomy of the human skin
has to be confirmed. Skin models using commercially
available cells, more clearly defined media, and additives
would help to reduce skin structure variability signifi-
cantly and enhance intra- and inter-laboratory repro-
ducibility.
Many researchers rely on commercially available systems
such as EpiSkin, EpiDermTM, SkinEthic, and the LabCyte
EPI-MODEL 24 for epidermal models (El Ghalbzouri et al.
2008; Mathes et al. 2014), and Phenion Full Thickness,
Stratatest and Epiderm-FT for full thickness models (Scha-
fer-Korting et al. 2008; Ackermann et al. 2010; Rasmussen
et al. 2010). A range of assays can be performed using
these models, which include wound healing, skin hydra-
tion, drug delivery and phototoxicity. However, the meth-
ods used to generate these skin equivalents are not
transparent, the models arrive pre-made, and they lack
the flexibility to be tailored for specific downstream appli-
cations. Furthermore, although basic characterisation of
these models has been reported (Ponec et al. 2001, 2002;
Ponec, 2002; Botham, 2004), it is incomplete and there is
little in-depth analysis of the microanatomy of these con-
structs, particularly in comparison with the structure of
human skin.
In this study, we report the development of novel strate-
gies to generate robust and reproducible models of the
human epidermis and human full thickness skin that closely
mimic aspects of the architecture of skin tissue. The
approaches incorporate the use of batches of commercially
available primary cells isolated from single donors and
defined low serum media, which requires only three addi-
tives for epidermal stratification. Neonatal cells were chosen
for this study due to their proliferative capacity and
reduced variability, as they are derived from donors of a
similar age. They enable the generation of a dermal model
that does not require the addition of exogenous collagen
and relies on the endogenous deposition of ECM from
human dermal fibroblasts. The dermal equivalent supports
the formation of a highly differentiated epidermis and the
creation of a protective barrier. In-depth analysis of the
microanatomy of these models demonstrates their similarity
to human skin and their use as valuable tools to study the
structure and function of human skin.
Materials and methods
Primary cells and cell maintenance
Human neonatal epidermal keratinocytes (HEKn, Thermo Fisher Sci-
entific, Loughborough, UK) were maintained in Keratinocyte
Growth Medium composed of EpiLife medium, (Thermo Fisher Sci-
entific), supplemented with human keratinocyte growth supple-
ment (HKGS, Thermo Fisher Scientific) and 10 lg mL1 gentamicin
and 0.25 lg mL1 amphotericin B (Thermo Fisher Scientific), at
37 °C in a 5% CO2 humidified incubator following the supplier’s
instructions.
Human neonatal dermal fibroblasts (HDFn, Thermo Fisher Scien-
tific) were maintained in Dermal Fibroblast Growth Medium com-
prised of Medium 106 (Thermo Fisher Scientific), supplemented
with low serum growth supplement (LSGS, Thermo Fisher Scientific),
10 lg mL1 gentamicin, and 0.25 lg mL1 amphotericin B (Thermo
Fisher Scientific), at 37 °C in a 5% CO2 humidified incubator follow-
ing the supplier’s instructions.
Skin equivalent generation
Epidermal models were generated in Millicell cell culture inserts
(Merck Millipore, Beeston, UK) by coating with human collagen I
diluted 1 : 100 (Thermo Fisher Scientific). HEKn were trypsinised,
centrifuged, and 5 9 105 cells were re-suspended in Keratinocyte
Growth Medium supplemented with 5 ng mL1 keratinocyte
growth factor (KGF; Thermo Fisher Scientific), 140 lM CaCl2
(Sigma-Aldrich, Dorset, UK), and 50 lg mL1 ascorbic acid (Sigma-
Aldrich). Cells were then seeded on the collagen-coated insert
and incubated at 37 °C in a humidified 5% CO2 incubator. After
2 days, the models were raised to the air–liquid interface and
supplemented with 1.64 mM CaCl2 and maintained up to a fur-
ther 28 days.
Dermal models were generated by seeding HDFn (5 9 105 cells)
onto inert porous polystyrene membranes (12-well Alvetex scaf-
fold inserts, Reprocell) and incubating at 37 °C in a 5% CO2 humidi-
fied incubator in Dermal Fibroblast Growth Medium supplemented
with 5 ng mL1 transforming growth factor (TGFb)1 (Thermo Fisher
Scientific) and 100 lg mL1 ascorbic acid. Dermal equivalents were
maintained for up to 35 days.
Full thickness human skin models were generated by seeding
1.3 9 106 HEKn cells onto dermal equivalents in Keratinocyte
Growth Medium supplemented with 10 ng mL1 KGF, 140 lM CaCl2
and 100 lg mL1 ascorbic acid, and incubating at 37 °C in a 5%
CO2 incubator. After 48 h, the models were raised to the air–liquid
interface and cultured in Keratinocyte Growth Medium supple-
mented with 10 ng mL1 KGF, 1.64 mM CaCl2 and 100 lg mL
1
ascorbic acid and maintained up to a further 28 days.
Human skin samples
Skin biopsies from young adult Caucasian women were collected by
Procter and Gamble USA, under an IRB-approved clinical protocol
in compliance with local laws and regulations.
Paraffin embedding
Skin equivalents and human skin samples were fixed in 10% forma-
lin (Sigma-Aldrich), gradually dehydrated in ethanol (30–100%) and
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Histoclear (Thermo Fisher Scientific), and embedded in paraffin
(Thermo Fisher Scientific) using plastic moulds (CellPath, Newton,
UK) to allow for transverse sectioning. Using a microtome (LEICA
RM2125RT), 5-lm sections were transferred to charged superfrost
microscope slides (Thermo Fisher Scientific).
Histological analysis
For haematoxylin & eosin (H&E) staining, sections were deparaf-
finised in Histoclear and gradually rehydrated in ethanol. Slides
were incubated in Mayer’s haematoxylin (Sigma-Aldrich) for 5 min
and rinsed in distilled water for 30 s before being incubated with
alkaline alcohol for 30 s to ensure the nuclei appear blue. Samples
were dehydrated, before being incubated with eosin (Sigma-
Aldrich) for 30 s, and then further dehydrated prior to mounting
with DPX (Thermo Fisher Scientific) ready for microscopy using a
Leica ICC50 high definition camera mounted onto a Brightfield
Leica microscope.
Immunostaining
For immunostaining, sections were deparaffinised in Histoclear
and gradually rehydrated in ethanol. Antigen retrieval was
achieved by incubating samples in a 95 °C water bath for
20 min with citrate buffer (Sigma-Aldrich). Samples were then
incubated and permeabilised for 1 h in blocking buffer: 20%
neonatal calf serum (NCS, Sigma-Aldrich) in 0.4% Triton X-100
(Sigma-Aldrich) in phosphate-buffered saline (PBS). Primary anti-
bodies diluted in blocking buffer (Table S1) were incubated with
the samples overnight at 4 °C, followed by three washes in PBS.
Samples were then incubated for 1 h at room temperature with
the relevant secondary antibody (donkey anti-rabbit Alexa Flu-
or 488 or 594 or donkey anti-mouse Alexa Fluor 488 or 594,
Thermo Fisher Scientific). After being washed three times in PBS
sections were mounted using Vectashield/DAPI Hardset (Vector
Laboratories, Peterborough, UK). The fluorescent images were
captured using Zeiss 880 with Airyscan confocal microscope with
ZEN software.
Collagen assay
Total collagen was quantified using the QuickZyme kit (QuickZyme
Biosciences, Leiden, The Netherlands) following the supplier’s
instructions. Briefly, snap-frozen dermal equivalents grown for 7–
35 days and standards were hydrolysed in 6 M HCl 3 mg lL1 wet
weight (Thermo Fisher) for 20 h at 95 °C, centrifuged for 10 min at
13 000 g, and the supernatant collected. Samples were diluted in
water (for a final concentration of 4 M HCl). All samples were incu-
bated for 60 min at 60 °C with detection reagent before absor-
bance was read at 570 nm using a Biotek plate reader (Biotek,
Swindon, UK). Total collagen values were calculated using the stan-
dard and expressed in lg mL1.
Electron microscopy
For transmission electron microscopy (TEM), samples were fixed
in Karnovsky’s Fixative [8% paraformaldehyde, 25% glutaralde-
hyde (Agar Scientific, Stansted, UK), 0.2 M cacodylate buffer (pH
7.4) (Agar Scientific) and distilled water] for 1 h at room
temperature then washed three times for 5 min in 0.1 M cacody-
late Buffer (pH 7.6) (Agar Scientific). Samples were further fixed
in 1% osmium tetroxide (Agar Scientific) for 1 h and then
washed in 0.1 M cacodylate buffer (pH 7.6), prior to sequential
dehydration in 50, 70, 95, and 100% ethanol. Samples were
then embedded in resin as follows: the samples were immersed
in an intermediate solution consisting of a 50 : 50 mix of 100%
alcohol and propylene oxide (Agar Scientific) for 15 min, moved
to propylene oxide for 15 min, placed in a fresh 50 : 50 Agar
100 Epon resin : propylene oxide (Agar Scientific) mix for
15 min, and finally the samples were placed in Epon resin three
times for 1 h each. The Agar 100 Epon resin was composed of
24 g Agar 100 Epon Resin, 9 g dodecenylsuccinic anhydride
(DDSA), 15 g methyl nadic anhydride (MNA) and 1.4 g benzyldi-
methylamine (BDMA) (Agar Scientific). Then specimens were
placed into rubber moulds with fresh Agar 100 Epon resin,
which was left to polymerise for 24 h at 60 °C. Ultra-thin sec-
tions were cut using a diamond knife (Agar Scientific) on a
Reichert Ultracut S Ultramicrotome (Leica) and transferred to
200-mesh copper formvar-coated grids (Agar Scientific). Sections
were then stained with 1% uranyl acetate (BDH) in 70% etha-
nol, washed in water, and then stained with Reynolds’ Lead
Citrate (BDH) for visualisation. Ultra-thin sections were imaged
on a H7600 TEM (Hitachi).
For scanning electron microscopy (SEM), samples were critically
dried (BAL-TEC CPD 030) (Leica) and coated with 5 nm platinum, in
a Cressington Coating System 328 (Cressington). Sample visualisa-
tion was performed using a S5200 scanning electron microscope
(Hitachi).
Barrier resistance assay
The integrity of the epidermal barrier was assessed by challenging
the surface of the epithelium with detergent, followed by assess-
ment of cell viability and the ability of a fluorescent dye to pene-
trate the tissue model. Briefly, epidermal models grown for
10 days at the air–liquid interface were transferred to 6-well plates
containing 0.9 mL of medium. To determine the concentration at
which a marker chemical reduces the viability of the tissues by
50% (IC50) after a fixed expoure time, a range of concentrations of
sodium dodecyl sulphate (SDS; 0-4 mg mL1 in water) were topi-
cally applied (70 lL) for 18 h. After exposure, samples were
washed twice in PBS, dried carefully, and transferred to a 24-well
plate pre-filled with 500 lL MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide 2 mg mL1 in PBS, Sigma-Aldrich]
and incubated at 37 °C in a 5% CO2 incubator for 3 h. The MTT
solution was removed, the insert was washed twice in PBS, and
transferred to a clean 24-well plate. Acidified isopropanol was
added topically (300 lL) and the samples were left overnight at
room temperature to allow dissolution of MTT. Absorbance was
read at 570 nm using a Biotek plate reader (Swindon, UK). Relative
MTT values were calculated with control cultures being set at
100%.
Barrier function of the skin models was further assessed by moni-
toring fluorescent dye penetration in combination with detergent
treatment. Briefly, epidermal and full thickness skin models were
grown for 10 days at the air–liquid interface. The surface of the
models was dried, and the SDS solution (0–2% in water) was
applied topically using a cloning ring (70 lL epidermal model;
150 lL full thickness model). After 1-h incubation at 37 °C, the
models were washed twice in PBS, and then 50 lL of 1 mg mL1
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Lucifer Yellow (Sigma-Aldrich) was placed in the cloning ring for
20 min at 37 °C. After two PBS washes, samples were fixed and pro-
cessed for paraffin embedding. Tissue sections (5 lm) were
rehydrated and mounted using Vectashield/DAPI Hardset, ready for
analysis using Zeiss AxioScope 40 fluorescent microscope with ZEN
software.
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Results
Characterisation of the epidermal skin equivalent
Histological analysis of the epidermal model over time
(Fig. 1A) shows a stratified and differentiated epidermis
after only 7 days at the air–liquid interface. From day 14,
the organisation was similar to the epidermis of human
skin. The organised columnar keratinocytes within the stra-
tum basale undergo characteristic sequential differentia-
tion to form the stratum spinosum, stratum granulosum,
and stratum corneum, similar to in vivo skin. Terminally dif-
ferentiated, keratinised corneocytes within the stratum
corneum were also observed and stained pink by eosin.
The epidermal model continues to mature for up to 21–
28 days. At day 28, there was some evidence of a reduction
in thickness of the lower cellular layers and an increase in
cornified acellular upper layers. Figure 1B shows
immunofluorescence characterisation of an epidermal
model cultured for 14 days at the air–liquid interface. Simi-
larly to mature healthy skin, keratin 14 is located exclu-
sively within the basal keratinocytes, and the suprabasal
layers express keratin 10. Basal keratinocytes also express
p63, an essential transcription factor for the development
of stratified epithelia, and Ki67 in the cells that are actively
proliferating. The immunofluorescence data also demon-
strated the differentiated nature of the epidermal model
through the expression of the terminal differentiation
markers loricrin, filaggrin, involucrin, and SPRR1b in the
upper layers. Moreover, the epidermal models possess
evidence of intercellular junctions, which are indicative of
cellular communication and mechanical integrity. The pres-
ence of desmosomes, gap junctions, tight junctions, and
adherens junctions within the appropriate layers was iden-
tified by periplakin, connexin 43, claudin-1, and E-cad-
herin, respectively. The gross structure of the epidermal
model was analysed by SEM (Fig. 1C,a), which highlights
the organised layers and the presence of flaking cells on
the surface of the model, mimicking the structure of
human skin. TEM data shown in Fig. 1C(b-d) shows the
ultrastructural features of the model. Electron-dense
hemidesmosome-like junctional complexes were observed
on the basolateral surface of the basal keratinocytes at the
interface with the collagen-coated membrane, and they
were evenly distributed along the entire length of the
membrane. Intercellular electron-dense desmosomes were
also observed between cells, and rich amounts of keratin
fibres were noted in the differentiating keratinocytes.
Maturation of ECM in the dermal construct is
required to support the formation of the epidermis
To support the formation of the epidermis and generate a
full thickness model of human skin, we first investigated
the ability of human dermal fibroblasts to grow within the
Alvetex scaffold and deposit ECM proteins. As can be seen
in Fig. 2A(a), dermal fibroblasts cultured for 14 and 28 days
in the porous scaffold showed a relatively even distribution
within the material. Fibroblast numbers build up inside the
scaffold and also grow on both sides of the membrane, cre-
ating 3D layers of cells on the surface. After 28 days, the
upper surface layer of dermal fibroblasts is approximately
30–40 lm thick. Figure 2A(b) shows a panel of ECM pro-
teins and elastic fibre markers expressed in the dermal con-
struct after 14 and 28 days of culture. Collagen I, III, and IV,
fibronectin, and elastin were each detected within the der-
mal equivalent. A clear increase in staining intensity was
observed over time, indicating a build-up and deposition of
endogenous ECM proteins by dermal fibroblasts within the
3D culture as the dermal construct matured.
To quantify total collagen deposition within the scaffold,
an assay based on quantitative colorimetric determination
of hydroxyproline residues, obtained by acid hydrolysis of
collagen, was performed. This assay measures all types of
collagen, which includes mature, immature, procollagen,
degraded, and crosslinked collagen. Figure 2B further
shows that as the dermal equivalents mature, more colla-
gen is produced by the dermal fibroblasts within the con-
struct over time.
Scanning electron microscopy imaging confirmed the
deposition of collagen, with cross-sections of the dermal
component showing fibroblasts and extracellular collagen
filaments within the scaffold (2C,a-a’). Analysis of the sur-
face of the dermal model showed the organisation of cells
at 14 and 28 days of culture (Fig. 2C,b,c’). Gaps between
dermal fibroblasts were observed at 14 days but were no
longer apparent after another 14 days of growth as the cul-
ture became more dense and confluent on the surface.
We hypothesise that intact layers of dermal fibroblasts on
top of the scaffold and ECM protein deposition within the
dermal construct provide a key foundation to support the
growth of keratinocytes and enable them to produce a
Fig. 1 Formation and characterisation of epidermal construct. (A) Histological assessment of epidermal structure over time shown by representa-
tive H&E images of epidermal models cultured for up to 28 days at the air–liquid interface. Scale bars: 100 lm. (B) Representative immunofluores-
cence micrographs of the epidermal construct, cultured for 14 days at the air–liquid interface. Data show protein expression patterns for key
biomarkers in the epidermis. Scale bars: 50 lm. (C) Representative SEM and TEM micrographs of the epidermal model cultured for 14 days at the
air–liquid interface. (C,a) Cross-section SEM micrographs, showing multiple cell layers with the stratum corneum demonstrating less adherence
than the layers below (white arrows). Scale bars: 25 lm. (C,b-d) TEM micrographs showing the Millicell membrane (mem), hemidesmosome-like
structures (hm), desmosomes (ds), and keratin fibres (kf). (C,c) Electron-dense desmosome between cells at higher magnification. (C,d) Electron-
dense junctional complex between cells and the underlying Millicell membrane. Scale bars: 2 lm (C,a,b), 500 nm (C,c,d).
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Fig. 2 Human dermal fibroblasts grown in 3D culture deposit increasing quantities of ECM proteins over time. (A) Analysis of dermal equivalent
morphology and deposition of ECM proteins. (a) Representative H&E micrographs of dermal models cultured for 14 and 28 days. Scale bars:
100 lm. (b) Representative immunofluorescence micrographs showing ECM proteins deposited within dermal models cultured for 14 and 28 days.
Scale bars: 100 lm. (B) Assessment of total collagen quantification within the dermal equivalent over time. Graph showing the total amount of
collagen in lg mL1 as determined by a hydroxyproline quantification over 7–35 days of maturation (data represent mean  SEM, n = 3). (C)
Assessment of dermal model structure using SEM analysis. (C,a-c’) Representative SEM images of dermal fibroblasts cultured in Alvetex before
fixation in Karnovsky’s fixative, post-fixation in osmium tetroxide, and coating with platinum. (C,a,a’) Cross-section of 28-day mature dermal equiv-
alent showing cells and ECM materials deposited within the scaffold (white arrows). (C,b–c’) SEM images of the upper surface of the dermal
model show dermal fibroblasts growing on top of each other producing multiple layers at lower and higher magnification. (C,b,b’) A 14-day der-
mal equivalent showing multiple large gaps between cells on the surface (white arrows). (C,c,c’) A 28-day mature dermal equivalent where the
surface is more complete with only very occasional small gaps between cells. Scale bars: 50 lm (C,a-c), 25 lm (C,a’-c’).
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differentiated, stratified epidermis. Figure 3A shows cross-
sections of full thickness human skin models generated
using a dermal construct matured for either 14 or 28 days.
Full thickness models grown on a 14-day-old dermal con-
struct show areas of disorganised epidermal development
where keratinocytes have invaded the dermal equivalent
instead of forming an organised epidermis on the surface
(Fig. 3A,a). Immature keratinocytes were identified inside
the scaffold by positive expression of keratin 10 and 14
(data not shown), and a full thickness skin model failed to
form. Keratinocyte infiltration was also visualised macro-
scopically with the naked eye (Fig. 3B). Full thickness skin
models generated using a 14-day-old dermal construct
showed visible holes in their surface. In contrast, when
using 28-day dermal models, a uniform smooth shiny sur-
face was observed. The amount of keratinocyte penetration
into the dermal construct was measured over time (Fig. 3C).
Dermal equivalents cultured for only 7 days showed an
almost complete penetration of keratinocytes, whereas the
amount of cell infiltration reduced in correspondence with
the increased culture period of the dermal equivalent,
approaching zero infiltration after 28 days of maturity.
Characterisation of the microanatomy of a full
thickness model resembling the structure of human
skin
The structure of the human full thickness skin model was
monitored over time and compared with real skin tissue
(Fig. 4). After 7 days at the air–liquid interface, the epider-
mis was highly organised with columnar basal keratinocytes,
that undergo sequential differentiation and terminally
Fig. 3 Maturation of the dermal equivalent is required to support to the growth and stratification of the epidermis in full thickness skin. (A) Differ-
ential infiltration of keratinocytes into the dermal compartment. Representative low and high magnification H&E images of full thickness models
generated by culturing the dermal component for: (a) 14 days and (b) 28 days before addition of keratinocytes to the surface of the dermal
model. In both cases, the models were raised to the air–liquid interface for a further 14 days to promote differentiation. Multiple low magnifica-
tion images of the same cross-section were taken and stitched together using IMAGE J software to allow the visualisation of the full length of the
full thickness skin models. (A,a) There is an absence of a continuous thick epidermal layer when the dermis is cultured for 14 days due to the inva-
sion of keratinocytes into the dermal compartment. (A,b) A continuous epidermis is formed across the entire model when the dermal compartment
is matured for 28 days and no invasion is observed. Scale bars: 200 lm in full-length cross-section (left, low magnification) and 100 lm (right,
high magnification). (B) Photographs showing the surface of full thickness skin models within the well insert. The dermal component was initially
cultured for either (a) 14 days or (b) 28 days prior to the seeding of keratinocytes and culturing for a further 14 days at the air–liquid interface. A
hole in the epidermis is apparent in the 14-day dermal model (white arrow, left), whereas the epidermis is complete and uniform across the well
insert in the more mature 28-day dermal model (right). (C) Keratinocyte infiltration decreases with the maturation of the dermal equivalent. The
graph shows that the percentage depth of penetration of keratinocytes into the dermal construct decreased as the dermis was allowed to mature
for longer periods of time. The data were generated by capturing multiple images and assessing areas of keratinocyte infiltration using IMAGE J soft-
ware to determine the depth of penetration (data represent mean  SEM, n = 3).
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differentiate to form acellular corneocytes, within the stra-
tum corneum. From day 14, detaching layers of the stratum
corneum were observed, indicating the maturation of the
stratified epidermis. The human full thickness construct
remained stable throughout the period tested, maintaining
columnar basal keratinocytes and shifting keratinocyte
Fig. 4 Histological analysis of the full
thickness human skin model over time. (A)
Representative H&E images of full thickness
skin models generated using a dermis initially
cultured for 28 days and then maintained for
a further 7–28 days at the air–liquid interface.
(B) Representative H&E images of a human
skin sample from a 25-year-old Caucasian
donor. Scale bars: 100 lm (left, low
magnification) and 30 lm (right, high
magnification).
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orientation to form multiple suprabasal cell layers, which
closely resemble the architecture of human epidermis after
21–28 days. For the purposes of this study, the model was
maintained for 4 weeks, but in other work, the skin equiva-
lents have been grown for several months.
Protein biomarkers representing various components of
the skin structure were assessed by immunofluorescence
staining in the full thickness skin equivalent and compared
with human skin (Fig. 5). Markers indicative of various
stages of epidermal differentiation, such as keratin 14, ker-
atin 10, loricrin, filaggrin, and involucrin, were expressed in
the model in the appropriate cell layers as found in vivo
(Fig. 5A). In addition, four types of intercellular junctions
commonly found in human skin were identified in the
model (Fig. 5B): tight junctions (claudin-1), gap junctions
(connexin 43), desmosomes (periplakin), and adherens junc-
tions (E-cadherin). The expression of these protein markers
indicates cellular communication and barrier formation
within the skin equivalent. Moreover, proteins involved in
the basement membrane bridging the dermis and the epi-
dermis such as collagen IV and integrin a6 were observed.
Electron microscopy and ultrastructural analyses were
undertaken to visualise the architecture of the full thickness
model more closely (Fig. 6). SEM analysis clearly showed the
layered structure of the full thickness skin model, comprised
of the dermal and epidermal components (Fig. 6A,a). Visual-
isation of the cornified layers by SEM confirmed the pres-
ence of flaking corneocytes (Fig. 6A,b). TEM analysis was
also used to examine the ultrastructural features of the full
thickness skin model (Fig. 6B), and it confirmed the presence
of fibres characteristic of extracellular collagen within the
dermal compartment. These ECM proteins were produced
endogenously by the fibroblasts to form a dense network
(Fig. 6B,a). Magnified images demonstrated that these
fibres were longitudinally and transversely arranged, as in
the human dermis (Fig. 6B,b). A well-defined basement
membrane was observed at the dermoepidermal junction,
which was uniform and consistent across the full model, and
possessed the characteristic tri-layered pattern (Fig. 6B,c).
The epidermal basal keratinocytes were tightly attached to
the basement membrane via electron-dense hemidesmo-
somes, which link the keratin intermediate filaments with
the underlying basal lamina (Fig. 6B,c). Electron-dense
desmosomes could be observed between adjacent ker-
atinocytes in the suprabasal layers, contributing to the
mechanical integrity of the skin model (Fig. 6B,d). Cor-
neodesmosomes were also observed at the interface
between the stratum corneum and the stratum granulosum
(Fig. 6B,e).
The stratum granulosum layers can be identified using
TEM analysis by the presence of keratohyalin granules,
lamellar bodies, and lipid droplets, similar to in vivo skin.
These layers terminally differentiate to form the stratum
corneum, which possessed a characteristic alternating elec-
tron-dense and electron-lucent organisation (Fig. 6B,f).
Collectively, these ultrastructural features are consistent
with the microanatomy of human skin.
Reproducible generation of epidermal and full
thickness human skin models
One of the challenges of producing bioengineered
in vitro models of human tissues is the ability to consis-
tently reproduce what has been created and previously
reported. To assess the reproducibility of the skin models,
different laboratory members have been involved in gen-
erating the epidermal and full thickness skin equivalents,
both in the same laboratory and in the other laboratories
involved in this collaborative study. Figure 7 shows evi-
dence of reproducibility of the epidermal (Fig. 7A) and
full thickness (Fig. 7B) skin models generated by different
individuals.
Assessment of barrier function in epidermal and full
thickness models
Assessment of the integrity of the barrier in the epider-
mal and full thickness skin models was undertaken by
challenging the surface of the structure using detergents
(Fig. 8). The viability of epidermal models cultured for
10 days at the air–liquid interface was assessed in
response to 18-h exposure to increasing concentrations of
SDS (Fig. 8A). An IC50 value of 1.6 mg mL
1 SDS was cal-
culated as the effective concentration whereby 50% of
the cells remained viable, which is within the OECD
acceptance limits for OECD 431 and 439 (Skin Corrosion
and Skin Irritation tests, respectively; OECD, 2015, 2016).
We also confirmed that the epidermal models cultured
for 20 days at the air–liquid interface could withstand
exposure to 1% Triton X-100 for up to 6 h, with 50% of
the cells remaining viable (Fig. 8B). In addition, visible dis-
ruption of barrier function was demonstrated by exposure
of the epidermal and full thickness models to increasing
concentrations of SDS for 1 h prior to the topical applica-
tion of the lucifer yellow fluorescent dye (Fig. 8C). Lucifer
yellow, an aqueous-soluble dye, was retained in the stra-
tum corneum when topically applied to untreated models
or constructs topically exposed to 0.1% SDS. As the SDS
concentration increased to 0.25% or above, there was evi-
dence of lucifer yellow penetrating the stratum corneum.
Histological examination showed that there was injury to
the cells beneath the stratum corneum at these higher
concentrations.
Discussion
Developing strategies for the production of in vitro models
that recreate the structure of human tissues has multiple
benefits, including use in fundamental research to improve
understanding of cellular mechanisms and signalling
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Fig. 6 Ultrastructural characterisation of full
thickness human skin model. Representative
SEM (A) and TEM (B) images of the full
thickness model, which includes a 28-day
established dermal compartment and the
epidermis was differentiated for a further
14 days at the air–liquid interface. (A,a) SEM
image of a cross-section of the full thickness
model. The white dotted line locates the
upper surface of the Alvetex membrane.
Scale bar: 200 lm. (A,b) SEM image of the
top surface of the skin model showing
corneocytes which have an overlapping,
flattened appearance. Scale bar: 20 lm. (B,a)
A single dermal fibroblast surrounded by
ECM. (B,b) Profiles of collagen fibrils. (B,c)
Interface between the dermis and epidermis
showing the typical electron-dense tri-laminar
structure of the basement membrane (bm),
hemidesmosomes (white arrows), and keratin
fibres (kf). (B,d) electron-dense desmosomes
(ds) between cells in the spinous layer. (B,e)
Keratohyalin granules (kg) in the granulosum
layer and corneodesmosomes (cds) at the
interface between the cornified and granular
layers. (B,f) Extracellular spaces (es) and
corneocytes (co) in the stratum corneum.
Scale bars: 2 lm (B,a,f); 500 nm (B,b-e).
Fig. 5 Immunofluorescence analysis of full thickness skin model compared with real human skin. The full thickness skin model was generated by
culturing the dermal compartment for up to 35 days, then allowing epidermal differentiation for 14 days at the air–liquid interface, and compared
with human skin from a 25-year-old Caucasian donor. Representative immunofluorescence images of multiple markers show very similar expres-
sion patterns for each of the proteins tested between the in vitro generated models and human skin. Biomarkers have been divided into three
groups: (A) proteins typically associated with epidermal differentiation; (B) proteins expressed at the junctions between cells that are often associ-
ated with skin barrier; (C) extracellular matrix proteins most often found in the dermis. Scale bars: 50 lm.
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pathways, and many applications in drug screening, safety
assessment, and disease modelling. The ability to accurately
recapitulate the architecture of human tissues in vitro is crit-
ical to the success of these models. It is a well-founded prin-
ciple that structure is related to function. The closer the
similarity between the structure of in vitromodels and their
native counterpart, the more useful the tissue equivalent
becomes in terms of more accurately recapitulating tissue
function. The structure–function relationship is a funda-
mental principle in anatomy and physiology that has stood
the test of time. In the modern cell culture laboratory, new
technologies such as 3D cell culture can be applied to
enhance the behaviour of cultured cells significantly. 3D cell
culture alters the microenvironment in which cells grow,
influences cellular interactions, and changes their structure
and function, to enable the creation of more tissue-like
structures. In this study, we have developed new strategies
to accurately recreate aspects of the microanatomy of
human skin. We have successfully developed a full thickness
skin equivalent that possesses barrier function properties.
These models are robust and reproducible as they are gen-
erated using batches of commercially available cells, off-
the-shelf consumables and defined low serum media. In-
depth comprehensive characterisation of these tissue
equivalents has demonstrated anatomical similarities with
human skin.
Human skin has a complex multi-layered structure. In
healthy skin, keratinocytes lose their columnar shape and
undergo cytoarchitectural changes as they differentiate,
stratify, and become keratinised. In this study, this process
has been accurately recapitulated in vitro. The skin equiva-
lents possess distinct layers reminiscent of the four main lay-
ers of native human epidermis, the basal, spinous, granular,
and cornified layers, which have been confirmed by the
expression of protein biomarkers representative of the
appropriate stages of epidermal differentiation. Impor-
tantly, the models are fully humanised and the full thick-
ness model, unlike many others, does not require the
addition of animal-derived exogenous ECM proteins.
Human fibroblasts within the dermal compartment produce
their own endogenous ECM to support the differentiation
and stratification of the overlying epidermis.
Skin equivalents are already widely used to understand
biological processes, especially for cosmetic purposes or
drug testing. Moreover, since the European prohibition of
animal testing for cosmetic products and cosmetic ingredi-
ents (Cosmetics regulation EC No. 1223/2009), the need for
physiologically relevant human skin equivalents has grown
Fig. 7 Reproducibility and robustness of the
skin models. Construction of each model has
been performed by independent investigators
and different laboratories to demonstrate the
reproducibility of the models following the
methods described herein. Examples of repeat
constructs for the epidermal and full
thickness models are shown in (A) and (B),
respectively. The epidermal models were
cultured for 14 days at the air–liquid
interface, and the full thickness skin models
were cultured for up to 35 days for the
dermal compartment and 14 days at the air–
liquid interface. Scale bars: 100 lm (A);
50 lm (B).
Fig. 8 Assessment of barrier properties in epidermal and full thickness models. (A) Analysis of metabolic activity (MTT conversion) in the epidermal
model cultured for 10 days at the air–liquid interface before being exposed for 18 h to a concentration range of SDS to determine an IC50 value.
Relative MTT values are shown with vehicle control cultures being set at 100% (data represent mean  SEM, n = 3). (B) Analysis of metabolic
activity (MTT conversion) in the epidermal model cultured for 20 days at the air–liquid interface before being exposed to 1% Triton X-100 for up
to 6 h. Relative MTT values are shown with 0 h cultures being set at 100% (data represent mean  SEM, n = 2). (C) Assessment of barrier resis-
tance in epidermal and full thickness skin models: representative fluorescence and H&E images of epidermal (C,a) and full thickness models (C,b)
cultured for 14 days at the air–liquid interface. Samples were exposed to a concentration range of SDS for 1 h, followed by the application of the
green fluorescent dye lucifer yellow for 20 min to assess the penetration of dye diffusion and barrier integrity. Note the penetration of the dye at
the concentration of 0.25% SDS and higher, and the damage inflicted to the surface of the culture model. Scale bars: 100 lm.
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significantly. Several models have already been developed
(Zhang & Michniak-Kohn, 2012), but producing a model
that provides consistency and reproducibility between labo-
ratories has proven difficult. Variability in the production of
skin models results from several factors, including the
source of cells, medium composition, operator contribution,
and the techniques used. In this study, we have addressed
these issues to improve the consistency and reproducibility
of skin equivalent tissue structure. Firstly, to minimise varia-
tion of the source of cellular material within a study, we
access different lots of commercially available cells that are
first batch-tested as described herein and are readily accessi-
ble to the scientific community. Additionally, we have
shown that the full thickness model can be generated using
different lot combinations of fibroblasts and keratinocytes,
offering greater flexibility. Secondly, there are multiple
media recipes in which skin cells have been isolated and cul-
tured, leading to a lack of consistency of practice. Histori-
cally, epidermal cell isolation has been performed using
many media additives (Rheinwald & Green, 1975; Bertolero
et al. 1984), and it is well known that high concentrations
of serum in media can differentially affect the culture of
fibroblasts (Guo et al. 2016). Accordingly, reproducibility
between different laboratories becomes almost impossible
(Faller & Bracher, 2002; Ng & Ikeda, 2011). To help address
this issue, we used defined commercially manufactured
media with the addition of three additives: KGF to promote
keratinocyte proliferation and stratification (Marchese et al.
1990; Andreadis et al. 2001), ascorbic acid involved in epi-
dermal differentiation (Savini et al. 2002), and calcium,
known to promote keratinocyte proliferation under 0.1 mM
and to encourage keratinocyte differentiation at higher
concentrations (Hennings et al. 1980; Bikle, 2012). Thirdly,
introducing hydrogels to create a full thickness skin model,
primarily in the form of collagen-based materials from dif-
ferent sources such as rat, bovine or human, can generate
batch variability (El Ghalbzouri et al. 2005) and may intro-
duce species-specific effects when combining animal and
human materials. We overcome this issue by not introduc-
ing any exogenous ECM components in the construction of
the full thickness model and by allowing the dermal fibrob-
lasts to create their own ECM within an inert porous scaf-
fold. Gelatine-based materials have been used for similar
applications in skin models (Imparato et al. 2017), but the
stability of this material does not lend itself to a robust and
reproducible system. The Alvetex scaffold used in this
study provides an inert and stable physical 3D microenviron-
ment that enables cells to more closely recapitulate their
native morphology (Maltman & Przyborski, 2010). Porous
polystyrene scaffolds have previously been used successfully
to develop complex multicellular tissue structures (Hill et al.
2015; Marrazzo et al. 2016). However, the use of primary
cells directly from patients in our previous work demon-
strated the issue of donor-to-donor variation (Hill et al.
2015), further highlighting the need for cells to undergo
quality control prior to their use in skin models, which can
be achieved through the use of commercially available cells.
Collectively, these features have resulted in methods to
engineer a reproducible human skin equivalent that has
been successfully transferred between laboratories and
accurately reproduced.
In-depth characterisation of the morphology and ultra-
structure of the skin equivalents showed very close similari-
ties to the microanatomy of human skin. In the dermal
compartment, we observed the expression of collagen I, col-
lagen III, collagen IV, fibronectin, and elastin, and the accu-
mulation of ECM as the dermal construct matured. We
hypothesise that the increase in ECM deposition over time
is critical to support the formation of the epidermis. Insuffi-
cient maturation of the dermal construct resulted in the
invasion of keratinocytes into the scaffold, which correlated
with lower levels of ECM accumulation during the first
2 weeks of growth. ECM components are produced
endogenously by the resident dermal fibroblasts, and build
up within and on the surface of the dermal construct, pro-
viding a suitable foundation for the formation of the epi-
dermis. The dermal construct itself provides a useful stand-
alone model to study ECM deposition and remodelling in
human dermis.
The human epidermis shows a characteristic differenti-
ated and stratified tissue structure composed of the basal
layer, spinous layer, granular layer, and cornified layers. In
the epidermal construct, immunofluorescence analyses
showed that markers of basal, suprabasal, and terminally
differentiated cells were expressed in the appropriate corre-
sponding layers, as observed in human skin (Hohl et al.
1991; Steinert & Marekov, 1995; Mischke et al. 1996; Blan-
pain & Fuchs, 2009). The presence of specialised junctional
complexes between cells was also confirmed by immunoflu-
orescence analysis, consistent with previous work (Boelsma
et al. 2000).
Ultrastructural analyses provided a more in-depth charac-
terisation of the epidermis in both the epidermal and full
thickness models. Epidermal layers are formed through
programmed sequential differentiation, and they have
well-defined characteristics associated with their stage of
differentiation. Columnar keratinocytes of the stratum
basale are usually one cell thick and contain hemidesmo-
somes on their basolateral surface to anchor them to the
basal lamina. As the keratinocytes differentiate into the s-
tratum spinosum, they become polyhedral in shape and are
connected by intercellular desmosomes, which are spe-
cialised to withstand mechanical stress. Within the stratum
granulosum, keratinocytes elongate and flatten. The funda-
mental characteristics of this layer include the presence of
intracellular keratohyalin granules, lamellar bodies, and
lipid droplets. During terminal differentiation, keratinocytes
undergo cornification into anuclear, flattened corneocytes
within a concentrated intracellular lipid network (Eckhart
et al. 2013). Our data confirm the presence of these
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complex, ultrastructural features within the appropriate lay-
ers of the epidermal constructs. Moreover, corneodesmo-
somes were identified at the interface between the stratum
corneum and underlying stratum granulosum, which are
rarely reported in the literature. Immunostaining and ultra-
structural data also demonstrate the presence of desmoso-
mal junctions and indicate the formation of additional
types of specialised intercellular junctions typically found in
human skin, including tight junctions, gap junctions, and
adherens junctions (Vinken et al. 2006; Brandner et al.
2015). These data collectively suggest the existence of cellu-
lar cross-talk to support tissue integrity and homeostasis
programming.
A key structural feature of epithelium is the basement
membrane, which forms at the dermoepidermal junction.
Immunostaining for collagen IV and integrin a6 provided an
indication of the presence of a basement membrane;
however, detailed structural analysis confirmed the typical
trilaminar structure of the basal lamina found in normal
human skin (Chan, 1997). This complex structure forms de
novo as the epidermal and dermal components come
together and it was observed as a consistent, uniform layer
across the entire model. Relatively few previous studies have
reported this level of complexity, and there is evidence of
variability along the length of other tissue models formed
(Auxenfans et al. 2009; Lee et al. 2009; Reijnders et al. 2015;
Tokuyama et al. 2015; Higgins et al. 2017). The basement
membrane is a key component of skin anatomy (Halim et al.
2010) and functions strongly to anchor the basal ker-
atinocytes to the underlying dermal component. The integ-
rity of the basement membrane is a quality indicator of a
successful skin equivalent (El Ghalbzouri et al. 2005).
Our morphological data demonstrate that the skin equiv-
alents produced in this study share anatomical characteris-
tics with native human skin. A primary function of normal
healthy skin is to act as a barrier between the interior and
exterior environments (Bazzoni & Dejana, 2002; Elias, 2008).
We hypothesised that the skin equivalents possessed a func-
tional barrier due to the presence of appropriate differenti-
ation markers, junctional proteins, a keratinised stratum
corneum, and a fully developed basement membrane.
Assessment of barrier function is often performed in the
topical administration of compounds as a convenient route
for drug delivery (Naik et al. 2000; Huzil et al. 2011), and a
series of standardised tests have been developed to evalu-
ate barrier function. Most often, epidermal models are used
to assess new compounds in comparison to known corrosive
or irritant reagents following OECD international regula-
tory guidelines (Skin Corrosion and Skin Irritation tests;
OECD, 2015, 2016). However, before using a skin model for
such testing, the functionality of its barrier should be evalu-
ated using reagents that erode barrier structure, such as
SDS or Triton X-100 (El Ghalbzouri et al. 2008; Mathes et al.
2014; OECD, 2015, 2016). The barrier of the epidermal
model demonstrated a penetration profile for SDS and
Triton X-100, which is similar to accepted models. Franz-
type diffusion cells are often used to assess barrier integrity
and transport across the skin using full thickness skin equiv-
alents in absorption tests (Bertolero et al. 1984; Schafer-
Korting et al. 2008; Ackermann et al. 2010; Rasmussen et al.
2010). Using a recognised similar approach (Indra & Leid,
2011), we demonstrated barrier integrity in the full thick-
ness model by showing resistance to penetration of the
aqueous-soluble lucifer yellow dye until challenged by
detergent. Collectively, these data indicate that these skin
equivalents possess functional barrier activity consistent
with existing systems.
In summary, we have developed defined procedures to
engineer human skin tissue in vitro in a reproducible and
consistent manner. We have demonstrated the similarity of
their microanatomy to native human skin using detailed
morphological and structural analyses. We also report func-
tional data consistent with the formation of an intact and
robust barrier, which conforms to OECD regulatory guide-
lines. In addition, the full thickness model relies on the for-
mation of endogenous human ECM proteins, thus avoiding
the use of exogenous animal-derived materials and improv-
ing consistency. We consider these developments to repre-
sent a significant advantage over previously reported
systems, which are not as well characterised and which
show variability (Ponec et al. 2001, 2002; Ponec, 2002;
Botham, 2004; Netzlaff et al. 2005). We propose that our
novel full thickness model of human skin is suitable as a
platform for developing new applications to study human
skin health and disease. This system is suitable for the intro-
duction of higher levels of complexity including addition of
other skin cell types such as melanocytes and immune cells
to simulate inflammatory responses observed in various skin
disorders. The introduction of senescent cells or skin cells
from aged donors could also be developed to mimic ageing
processes in the skin. Overall, we believe that this novel bio-
engineered model of human full thickness skin will be of
value to the scientific community for basic research and
screening applications.
Acknowledgements
We would like to acknowledge and thank the Biotechnology and
Biological Sciences Research Council (BBSRC) for supporting this
work (LINK award BB/K019260/1; DTP studentship BB/M011186/1).
References
Ackermann K, Borgia SL, Korting HC, et al. (2010) The Phenion
full-thickness skin model for percutaneous absorption testing.
Skin Pharmacol Physiol 23, 105–112.
Andreadis ST, Hamoen KE, Yarmush ML, et al. (2001) Ker-
atinocyte growth factor induces hyperproliferation and delays
differentiation in a skin equivalent model system. FASEB J 15,
898–906.
© 2019 The Authors. Journal of Anatomy published by John Wiley & Sons Ltd on behalf of Anatomical Society.
Bioengineering the anatomy of human skin, M. Roger et al. 453
Auxenfans C, Fradette J, Lequeux C, et al. (2009) Evolution of
three dimensional skin equivalent models reconstructed
in vitro by tissue engineering. Eur J Dermatol 19, 107–113.
Bazzoni G, Dejana E (2002) Keratinocyte junctions and the epi-
dermal barrier: how to make a skin-tight dress. J Cell Biol 156,
947–949.
Bertolero F, Kaighn ME, Gonda MA, et al. (1984) Mouse epider-
mal keratinocytes. Clonal proliferation and response to hor-
mones and growth factors in serum-free medium. Exp Cell Res
155, 64–80.
Bikle DD (2012) Vitamin D and the skin: physiology and patho-
physiology. Rev Endocr Metab Disord 13, 3–19.
Bikle DD, Xie Z, Tu CL (2012) Calcium regulation of keratinocyte
differentiation. Expert Rev Endocrinol Metab 7, 461–472.
Blanpain C, Fuchs E (2009) Epidermal homeostasis: a balancing
act of stem cells in the skin. Nat Rev Mol Cell Biol 10, 207–217.
Boelsma E, Verhoeven MC, Ponec M (1999) Reconstruction of a
human skin equivalent using a spontaneously transformed
keratinocyte cell line (HaCaT). J Invest Dermatol 112, 489–498.
Boelsma E, Gibbs S, Faller C, et al. (2000) Characterization and
comparison of reconstructed skin models: morphological and
immunohistochemical evaluation. Acta Derm Venereol 80, 82–88.
Botham PA (2004) The validation of in vitro methods for skin
irritation. Toxicol Lett 149, 387–390.
Brandner JM, Zorn-Kruppa M, Yoshida T, et al. (2015) Epidermal
tight junctions in health and disease. Tissue Barriers 3, e974451.
Carlson MW, Alt-Holland A, Egles C, et al. (2008) Three-dimen-
sional tissue models of normal and diseased skin. Curr Protoc
Cell Biol 19, 19.9.
Chan LS (1997) Human skin basement membrane in health and
in autoimmune diseases. Front Biosci 2, d343–d352.
Eckhart L, Lippens S, Tschachler E, et al. (2013) Cell death by
cornification. Biochim Biophys Acta 12, 3471–3480.
El Ghalbzouri A, Jonkman MF, Dijkman R, et al. (2005) Basement
membrane reconstruction in human skin equivalents is regu-
lated by fibroblasts and/or exogenously activated ker-
atinocytes. J Invest Dermatol 124, 79–86.
El Ghalbzouri A, Siamari R, Willemze R, et al. (2008) Leiden
reconstructed human epidermal model as a tool for the evalu-
ation of the skin corrosion and irritation potential according
to the ECVAM guidelines. Toxicol In Vitro 22, 1311–1320.
El Ghalbzouri A, Commandeur S, Rietveld MH, et al. (2009)
Replacement of animal-derived collagen matrix by human
fibroblast-derived dermal matrix for human skin equivalent
products. Biomaterials 30, 71–78.
Elias PM (2008) Skin barrier function. Curr Allergy Asthma Rep
8, 299–305.
Eves P, Layton C, Hedley S, et al. (2000) Characterization of an
in vitro model of human melanoma invasion based on recon-
structed human skin. Br J Dermatol 142, 210–222.
Faller C, Bracher M (2002) Reconstructed skin kits: reproducibil-
ity of cutaneous irritancy testing. Skin Pharmacol Appl Skin
Physiol 15(Suppl 1), 74–91.
Freeman AE, Igel HJ, Herrman BJ, et al. (1976) Growth and char-
acterization of human skin epithelial cell cultures. In Vitro 12,
352–362.
Gangatirkar P, Paquet-Fifield S, Li A, et al. (2007) Establishment
of 3D organotypic cultures using human neonatal epidermal
cells. Nat Protoc 2, 178–186.
Guo G, Pinello L, Han X, et al. (2016) Serum-based culture condi-
tions provoke gene expression variability in mouse embryonic
stem cells as revealed by single-cell analysis. Cell Rep 14, 956–965.
Halim AS, Khoo TL, Mohd Yussof SJ (2010) Biologic and syn-
thetic skin substitutes: an overview. Indian J Plast Surg 43,
S23–S28.
Hennings H, Holbrook K, Steinert P, et al. (1980) Growth and
differentiation of mouse epidermal cells in culture: effects of
extracellular calcium. Curr Probl Dermatol 10, 3–25.
Higgins CA, Roger M, Hill R, et al. (2017) Multifaceted role of
hair follicle dermal cells in bioengineered skins. Br J Dermatol
176, 1259–1269.
Hill DS, Robinson ND, Caley MP, et al. (2015) A novel fully
humanized 3D skin equivalent to model early Melanoma inva-
sion. Mol Cancer Ther 14, 2665–2673.
Hohl D, Mehrel T, Lichti U, et al. (1991) Characterization of
human loricrin. Structure and function of a new class of epi-
dermal cell envelope proteins. J Biol Chem 266, 6626–6636.
Huzil JT, Sivaloganathan S, Kohandel M, et al. (2011) Drug deliv-
ery through the skin: molecular simulations of barrier lipids to
design more effective noninvasive dermal and transdermal
delivery systems for small molecules, biologics, and cosmetics.
Wiley Interdiscip Rev Nanomed Nanobiotechnol 3, 449–462.
Imparato G, Casale C, Scamardella S, et al. (2017) A novel engi-
neered dermis for in vitro photodamage research. J Tissue Eng
Regen Med 11, 2276–2285.
Indra AK, Leid M (2011) Epidermal permeability barrier measure-
ment in mammalian skin. Methods Mol Biol 763, 73–81.
Jahoda CA, Oliver RF, Reynolds AJ, et al. (2001) Trans-species
hair growth induction by human hair follicle dermal papillae.
Exp Dermatol 10, 229–237.
Lee W, Debasitis JC, Lee VK, et al. (2009) Multi-layered culture
of human skin fibroblasts and keratinocytes through three-
dimensional freeform fabrication. Biomaterials 30, 1587–1595.
Maas-Szabowski N, Starker A, Fusenig NE (2003) Epidermal tis-
sue regeneration and stromal interaction in HaCaT cells is ini-
tiated by TGF-alpha. J Cell Sci 116, 2937–2948.
Maltman DJ, Przyborski SA (2010) Developments in three-dimen-
sional cell culture technology aimed at improving the accuracy
of in vitro analyses. Biochem Soc Trans 38, 1072–1075.
Marchese C, Rubin J, Ron D, et al. (1990) Human keratinocyte
growth factor activity on proliferation and differentiation of
human keratinocytes: differentiation response distinguishes
KGF from EGF family. J Cell Physiol 144, 326–332.
Marrazzo P, Maccari S, Taddei A, et al. (2016) 3D reconstruction
of the human airway mucosa in vitro as an experimental
model to study NTHi infections. PLoS ONE 11, e0153985.
Mathes SH, Ruffner H, Graf-Hausner U (2014) The use of skin
models in drug development. Adv Drug Deliv Rev 69–70, 81–
102.
Menon GK, Cleary GW, Lane ME (2012) The structure and func-
tion of the stratum corneum. Int J Pharm 435, 3–9.
Mischke D, Korge BP, Marenholz I, et al. (1996) Genes encoding
structural proteins of epidermal cornification and S100 cal-
cium-binding proteins form a gene complex (‘epidermal dif-
ferentiation complex’) on human chromosome 1q21. J Invest
Dermatol 106, 989–992.
Muroyama A, Lechler T (2012) Polarity and stratification of the
epidermis. Semin Cell Dev Biol 23, 890–896.
Naik A, Kalia YN, Guy RH (2000) Transdermal drug delivery:
overcoming the skin’s barrier function. Pharm Sci Technolo
Today 3, 318–326.
Netzlaff F, Lehr CM, Wertz PW, et al. (2005) The human epider-
mis models EpiSkin, SkinEthic and EpiDerm: an evaluation of
morphology and their suitability for testing phototoxicity,
© 2019 The Authors. Journal of Anatomy published by John Wiley & Sons Ltd on behalf of Anatomical Society.
Bioengineering the anatomy of human skin, M. Roger et al.454
irritancy, corrosivity, and substance transport. Eur J Pharm Bio-
pharm 60, 167–178.
Ng W, Ikeda S (2011) Standardized, defined serum-free culture
of a human skin equivalent on fibroblast-populated collagen
scaffold. Acta Derm Venereol 91, 387–391.
Odland GF (1960) A submicroscopic granular component in
human epidermis. J Investig Dermatol 34, 11–15.
OECD (2015). Test No. 439: In Vitro Skin Irritation: Reconstructed
Human Epidermis Test Method. Paris: OECD Publishing.
OECD (2016). Test No. 431: In Vitro Skin Corrosion: Recon-
structed Human Epidermis (RHE) Test Method. Paris: OECD
Publishing.
Ponec M (2002) Skin constructs for replacement of skin tissues
for in vitro testing. Adv Drug Deliv Rev 54(Suppl 1), S19–S30.
Ponec M, Gibbs S, Pilgram G, et al. (2001) Barrier function in
reconstructed epidermis and its resemblance to native human
skin. Skin Pharmacol Appl Skin Physiol 14(Suppl 1), 63–71.
Ponec M, Boelsma E, Gibbs S, et al. (2002) Characterization of
reconstructed skin models. Skin Pharmacol Appl Skin Physiol
15(Suppl 1), 4–17.
Prunieras M, Regnier M, Woodley D (1983) Methods for cultiva-
tion of keratinocytes with an air-liquid interface. J Invest Der-
matol 81, 28s–33s.
Rasmussen C, Gratz K, Liebel F, et al. (2010) The StrataTest
human skin model, a consistent in vitro alternative for toxico-
logical testing. Toxicol In Vitro 24, 2021–2029.
Reijnders CM, van Lier A, Roffel S, et al. (2015) Development of
a full-thickness human skin equivalent in vitro model derived
from TERT-immortalized keratinocytes and fibroblasts. Tissue
Eng Part A 21, 2448–2459.
Rheinwald JG, Green H (1975) Serial cultivation of strains of
human epidermal keratinocytes: the formation of keratinizing
colonies from single cells. Cell 6, 331–343.
Savini I, Catani MV, Rossi A, et al. (2002) Characterization of
keratinocyte differentiation induced by ascorbic acid: protein
kinase C involvement and vitamin C homeostasis. J Invest Der-
matol 118, 372–379.
Schafer-Korting M, Bock U, Diembeck W, et al. (2008) The
use of reconstructed human epidermis for skin absorption
testing: results of the validation study. Altern Lab Anim 36,
161–187.
Sorrell JM, Caplan AI (2004) Fibroblast heterogeneity: more than
skin deep. J Cell Sci 117, 667–675.
Stark HJ, Baur M, Breitkreutz D, et al. (1999) Organotypic ker-
atinocyte cocultures in defined medium with regular epider-
mal morphogenesis and differentiation. J Invest Dermatol 112,
681–691.
Stark HJ, Szabowski A, Fusenig NE, et al. (2004) Organotypic
cocultures as skin equivalents: a complex and sophisticated
in vitro system. Biol Proced Online 6, 55–60.
Steinert PM, Marekov LN (1995) The proteins elafin, filaggrin,
keratin intermediate filaments, loricrin, and small proline-rich
proteins 1 and 2 are isodipeptide cross-linked components of
the human epidermal cornified cell envelope. J Biol Chem
270, 17702–17711.
Tokuyama E, Nagai Y, Takahashi K, et al. (2015) Mechanical
stretch on human skin equivalents increases the epidermal
thickness and develops the basement membrane. PLoS ONE
10, e0141989.
Valyi-Nagy IT, Murphy GF, Mancianti ML, et al. (1990) Phenotypes
and interactions of human melanocytes and keratinocytes in an
epidermal reconstruction model. Lab Invest 62, 314–324.
Vinken M, Vanhaecke T, Papeleu P, et al. (2006) Connexins and
their channels in cell growth and cell death. Cell Signal 18,
592–600.
Yoneda K, Hohl D, McBride OW, et al. (1992) The human lori-
crin gene. J Biol Chem 267, 18060–18066.
Zhang Z, Michniak-Kohn BB (2012) Tissue engineered human
skin equivalents. Pharmaceutics 4, 26–41.
Supporting Information
Additional Supporting Information may be found in the online
version of this article:
Table S1. Antibodies used for immunohistochemical staining.
Samples were incubated with primary antibodies diluted in
blocking buffer overnight at 4 °C. Samples were then incubated
with the secondary antibodies diluted in blocking buffer for 1 h
at room temperature. Antibodies were sourced from Abcam:
www.abcam.com.
455
© 2019 The Authors. Journal of Anatomy published by John Wiley & Sons Ltd on behalf of Anatomical Society.
Bioengineering the anatomy of human skin, M. Roger et al.
